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_ i. INTRODUCTION

This report is the result of Task 1 of Contract NAS 8-16_4. "Study

of the Control and Dynamic Stability problem of the Saturn Space Vehicle,

Especially the C-1 Configuration'!. This task was to prepare a detailed

technical description of the missile configuration which _as studied and

the description is giver,in this report.

Definitions of the symbols used in the report are given in Section 2.

Some of these symbols are also defined in Figures 2,3, 8 and 9 which show

the coordinate systems and missile geometry conventions usc_i. Section 3

contains the basic parameters of the missile configuration as specified

by Marshall Space Flight Center. These basic parameters were _sed to

compute the parame-_ersgiven in Sections 4 and 5. Section 4 contains the

coordinate system, equations, computed coefficients, and computer diagrams

used in the analysis of the adaptive angle-of-attack control system

described in Volume II. This analysis consists of a time-variable two-

dimensional analog simulation to establish the performance capability of

_ this control system. Section 5 con_%ins the coordinate syz_em, equations,

computed parameters and computer _iagrams used in the evaluation of the

performance of the adaptive digital bending compensator described in

Volume I. For this purpose, a digital-analog combined simulation study

was performed using a time-invariant, two-dimensional simulation of the

missile system.

1965075951-006
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A Aero_mmmlc reference area

Ai Acceleration indicated by _ccelerometer

a_I Acceleration components of the to_al center of gravity

& Autopilot inertial attitude gaino

mI Autopilot inertial attitude - rate gain

b° Autopilot angle-of-attack gain

@i Aerod_uamic restoring _rque coefficient

C2 Control torque coefficient

CN_ Normal force coefficient slope with rerpeet to angle-of-attack

c.g.l Center of gravity of missile

c.g.Z Center of gravity of missile exclusive of _eflec_ed e_gjL_es

and sloshing prope_ts

c.6.3 Center of gravity of missil,:exclusive of sloshing propellmnts

D Aerodynamic axial drag

fi Frequency of the ith slosh mode

g Acceleration due to gravity

h Missile eA_i_u_e

X1 M_a_n_ of inertia o_ missile about c.g.l

r _kment of inertia of nlselle exclusive of sloshiz_ p__ts
_3

about c.g.3

I Moment of inertia of deflected engines about giubal point
n

KI Control loop integral gain b

o .)
k Adaptive loop output ( &o + bo

iI Distance from gimbal to c.g,l

13 Distance from gimbal to c.g.3

1 Distance from gimbal to e_ine c,g,
n

1965075951-007
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1 Distance _etween center of pressure and total center of gravity
P

Mass of missile

M2 Mass of missile exclusive of deflected engines and sloshing

propella_es

_ass of missile exclusive of sloshing propellants

mF Mass of a_oshlng liqui_ in booster stage

_ Mass of sloshing liquid in second stage

mi Modal mass of the ith bending mode

m Msss of deflected enginesn

N' Normal force per _uit angle of-attack

q Dynamic pressure

qi Generalized i th mode bending coordinate

R' Control force per unit ,f control deflection

r Rmdlal location of cont_l motors from missile centerline

s Lal_lace operater

T Thrust of eight englues

V Inertial velocity of c.g.Z

v Deflection of the average missile centerline due ta an e_

deflection

VR Velocity of c.g.Z relative to wln_

Vw Wind component normal to reference trajectory

w l_t&tion of the average missile centerline due to an engine

_efXection

_i Distance f_m c.g, to ith sloshing mass attach point

ZB Direction perpendicular to missll? centerline

Direction perpendicular to missile centerline extendl_
a5

frca e.g.3

ZT ._irection perpendicular to reference tr_ect_ry

ZTj Direction perpendicular _e reference trajectory extending
guidance compartment

1965075951-008
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Aerodynamic angle of attack

_i Angle of attack indicated by angle-of-attack meter

Angle of attack due to windw

Cant of outboard motors

_id Angle requlr_d to cant outboard motors thrm_b, c.g.l

To Path angle

rI  iltangle

% Control deflection angle

5a Engine actuator output

5c Engine actuator command input

_A Acceleremeter damping ratio

_F Dw_ing ratio of booster stage slosh mode

_L Damping ratio of second _tage slosh mode

_R Rate _o damping ratio

_AE Angle-of-attack meter aerodynamic damping ratio

_ME Angle-of-attack meter mech[nical dsmping ratio

a Actuator damping ratio

_i Damping of the ith bending mode

_n Engine damping ratio

@ Attitude angle

@p P_sition _ output .._

l_%e _ro output

_F Displacement of booster stage sloshing mass from missile

centerline

_L Displacement of second stage sloshing mass from missile

centerline

Mi Rat_of ith sloshing mass to total missile mass

_T Deflection at the engine glmbal station

1965075951-009
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t
b ! Station of c.g.l

_2 Static_,of c.g.2

_3 Station of e.g.3

_A Station of accelerometer

_F Station of booster _t_e slosh spring attaint point

_L Station of second stage slosh spring attachment point

_p Station of position gyro

R Station of mate gyro

_T S_ation of gimbal

Station of aerodynamic center of pressurecp

_ Station of angle-of-attack meter

Time constant of the demodulator
P

_i(_) _=ali_ed_e_ectiono_theithbe_ ,_eatSt.tlon
_'l( _ ) Normalized slope of the ith bendin6 mode at Station ._

_/ Au@le between inertial velocity vector and missileI

cen_erline

T Slope at the-_ngin¢ ginbal station

_A Accelero_ter natur_ freql_ency

_F Booster _tcge slosh mode natural frequent7

u_ Second s+__e slosh mode nat_tralfrequency

_R Rate _",'o natural frequency

_a Actuator ,_atur_!freq,_ency

mi £requency _r '.:he ith berit_ mode

a}a Engine natural ._;"q._r/_._"

A_le-of-attack meter hat,n-a3, fr._.__,_ncy

1965075951-010
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Qi Bending coordinate for the __th mode with control

engines removed

@E Control system error signal

,. thDeflection oi the i bending mode of missile with1

control engines removed

_i_ Slope of the ith bending mode of missile with con-

I

trJl engines removed

Jh Frequency of the ith mode of missile with controli

engines removed

1965075951-011
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3. BASIC P;_METKRS

This section contains the basic F_rameters of the missile configuration

as specified by the Marshall o_pace Flight Center. These b_-sic parameters

were used to compute th_ parameters found in Sections 4 ezd 5. Included

in this section are a table of the parameteys that remain constant through-

out the booster flight, a table of the time variable parameters at seventeen

times of flight for an all-engines-burning trajectory, a table of fluid-slosh

parameters at four times of flight, and structural-modes parameters. Be

wind profiles su&Kested by M$FC for use in eva_uating control system response

te wind disturbances are showT, in Fi_-are !. These profiles were zonstructed

from data given in Reference I.

3.1 Table of Constant Parameters

Z
A 33._67522 m

g 9.79 m/secz

2
I 318. _ kg-m-sec
n

1 o.686o3 mn

Z6_7.2183 kg-sec2/m

i156.1508 kg-sec2/m

298.34 kg-sec2/m

r 2.413 m

6.0 deg

8 7 degamax

_a max 15 Ceg/s_c

_A 0.7

_R 0.7

_AE 0.05

, ,- .,-
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Table ef Omm_taat Parameters (continued)

_n o.o7

_A Z630 in
Jb.

_p (p_e_) 163o in

_R (_referred) 950 in

_T i00 in

I/Z82.6 sec
P

®A 56.55 _a/Bec

:188.5 ra_c

3_.5 rad/seca

m 6Z. 83 tad/see

®_ zSz r,_Isee

1965075951-013



862G K_,32-RU-000

P_e

1965075951-014



Pac'? LO

1965075951-015



8620-6.-_L- RU-O00

Page ]

3.3 Table of Fiui_-Sl_ab Parsmeters

0 sec 40 sec 80 see 120 sec

]" m - 3.45 06 4 57 12.02
._ " •

m - _.I0 .6?- 3.96 ll.87

_3 m - 3.93 - .49 3.9_ ii.69

xh m - 8._i -9.Z8 --9.08 - 5.16

m -n.81 -18.68 -12._8 - 8.56

#i .0086 .Oll_ .o166 .02Z5

#2 .oo97 .o188 .o187 .o3o_

#3 .0069 .009i .O13Z .02/3

#4 •0577 .0761 .1109 •_039

#5 .- ,_ .00_8 .00_6 .OQS! .0149

_A. fl cps .719 .813 i.030 i.ZI6

fZ cps .880 .995 i.860 i.633

f3 cps .880 •995 i.?.60 1.633

fh cp, 4z3 .479... .6o6 .83z

f5 cps •495 .560 .708 •97_

J..=l lo5 in.',"_

i-Z 70in. Lox

i . 3 70 in. _,Eael

i = h Second stage Lox

1 - 5 Second stage la z

1965075951-016
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3.4 Structural-Modes Parameters

First Mode

Liftoff Max Q C,,toff
St&tlon _ Mode Mode Mode Mode Mode

Deflection Slope Defn_eetion Slope Deflection Slope

in in-I in-1 in-I

o .aSO .oo070 .255 .OO09O .250 .OO093

.50 ._1o .ooo7o .2].0 .ooo94 .23.5 .ooo94

i00 •175 .00070 .170 .00095 .170 .00094

15o .I_ .ooo7o _125 .ooo94 .].20 .oo092

zoo ,izo ,ooo7o ,o85 ,ooogz ,o80 ,ooogz

zSo .075 .oo07o .045 .ooo9o .030 .ooo88

300 .o_5 .ooo69 .OlO .ooo_6 -.olo ,ooo84

35o .oz5 .ooo66 -,o3o .oooSz -.o5o .ooo8o

_00 -. 015 .. 00061 -. 070 -. 00076 -. 090 .00075

_5o -.o*)5 .ooo56 -.zoo .ooo69 -.zzo .ooo69

500 i.075 .00048 -.135 .00060 -.155 ,00062

550 .-.zo3 .ooo4o -.z6o . ooosz -.185 .ooo55

6oo -,13o .ooo3o -.19o .ooo_ =.zlO .ooo_6
650 -.145 ,OOOZO =_Zl5 .00034 -.2.35 .00036

7oo -.z5o ,oo0o8 =,z3o ,oooz3 -,250 .00026

750 -. 145 -. 00005 -. Z40 .00012 -. Z60 .00015

800 -. 140 -. O00ZO -. 2ho 0 -. 265 . OOOO3

850 -.zzo -.ooo3_ -.235 -.ooo17 -,26o -,ooozo

9oo -.095 -.oooI)7 -.22o -.ooo36 =.255 -.ooo_4

950 -. 070 -. 00059 -. 200 -. 00056 -. _-4o -. oo039

iooo -°03o -,ooo7z -,175 -,ooo7o -,z2o -,ooo5_.

1o5o +.olo -.ooo8o -.14o =,oooaz =.zgo -.ooo65

11oo .050 -. o0o88 -. _o -. ooo9]. -.16o -.ooo77

n_o .o9o -.ooo93 -,zoo -,ooo98 -.12o -.ooo88

:tzoo .:).3_, -. ooo98 -. o6o -.oo_o4 -.oSo -.ooo98

1z5o .185 -. oozoo +.o15 =.ooio9 =.o_o -. ooio3

13o0 .P-35 -. oolO_ .o85 -. ooIi_ +.oio =.oozo8

135o .aS_ -.00_ ,1_5 -.oo12o .OTO -. oo118

z_o .3_o -.oozz_ .a_o -.oolz_ .z3o =.oo13o

1_5o . _oo -.oo115 .280 -.ooi_.9 .2oo =.ooz_o

15oo ._55 -. oon8 .350 -. oo13_. .,_8o -. oo1_

1550 .515 =.OOlZl ._ao -.oo139 .355 -.OO156

1965075951-017
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First Mode

(continued)

Liftoff Mmx.___QQ Cutof____._f

Station Mode Mode Mbde Mode Mo_e Mode

Deflection Slope Deflection Slope Deflection Slope

in in"I in"I in"I

•575 -.OOlZS .485 -.oo1_3 ._3o -.ooz6o

1650 .630 -.0012_- •5_0 -.001_6 •505 -.O016h

1700 •695 -.00125 •635 -.00148 •585 -.00168

z75o •755 -.ool_ .,'D-o -.0o150 .665 -.oo168

18oo .81o -.oozz6 .78o -oOOZSZ ._o -oooz68

zS_o .88o -.ooze6 .860 -.oozsl .830 -°o0168

1900 .950 -.001 _5 .940 -.00148 •915 -°00165

zg_o 1.000 -.OOlZ_ 1.000 -.00146 1.O00 -.00164

Time Frequency _bdal Mass

Liftoff 1.6318 cps 61.87 lb secS/in

Max Q 2.0925 cps 48,21 lb sect/in

Cutoff Z.5601 cps 35.20 lb sec2/in

_i = 0.OO5

1965075951-018
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Second Mode

Llftoff Max Q Cutoff

Starion Mode Mbde Mode Mode Mode Hode

Deflection Slope Deflection Slope De:.lectlon Slope

in in-i in-I in-i

0 -.2 -.0009 -.36 -.00156 =.40 -.00268

50 -. 16 -. ooo9 -. 29 -. oo].6 -, P-8 -oo0274

loo -.12 -.ooo9 -.2o -.oo]6 -.z3 -° oo2To

150 -. 08 -. 00088 -. 12 -. 0015 , O0 -. 00262

200 -.03 -.00084 -,05 -.00156 +,12 =,00250

z5o .ol -. ooo78 +.o2 - .ool)4 .24 -. ooP3_

Boo .oi -.ooo7o .o6 -.oolz .31" -.oozlo

350 .075 -. ooo6o .14 =.oo1o8 .42 -, oo186

_0o .o95 =.ooo_B .18 -, ooo85 .50 -. oo158

14-50 .11 -. 00035 .21 -, 0006 .57 -. 00128

5oo .lZ =.oooa .a3 -.ooo3 .67 -.ooo96

55o .la .0oooo .a4 -.ooooz .69 =.oo059

6".)o ._5 .ooozo . z4 ,ooozz .69 -. oooz5

6_ .].o .ooo_2 .22 . ooo45 .69 +oooo].o

Too .08 .ooo61 .19 .ooo62 .60 .ooo15

750 •055 .ooo72 _18 .OOO78 .65 .oo084

8oo .oa .ooo76 .]_I .ooo88 ._ ooolz

_o -.oz .ooo71 .o5 .ooo96 .52 oOO15

9oo -.o6 .ooo_ .oo .OOLO . tO_ °oo].8

95o -.io .ooo65, - .o6 .oo].o4 •33 .0035

zooo -.155 .ooo68 - _m. .oo_5 .al .ooZTO

1o5o -. zo .ooo7o -. _ _ . oo_6 .05 .oo284

11oo -.a3 .ooo6 -.2o .oolo -.o9 .oo_.78

1.15o -. Z_,5 -. ooo10 =.z2 ,oooo5 -. 18 .oo].9

1_oo -.a_ -.ooogz -.a_ -.ooo17 -. 25 .oou5
1a5o -. z15 -. o0o66 -. z3 ' -. o003 -. 19 .oooTz

z3oo -.i8 =.oo088 -.18 -.ooo5 - .32 .ooo4

1350 -. 14 -. 0011 =.17 -. ooo7 ". 33 . OOO0

IlK_O -.09 -.0013 -.13 -.0011 -.31 -.0006

149o -.o_ -. oo15 -.08 -. oo].5 -.17 -. oozz5

15oo +.o5 - .oo17 .oo -. oo168 -. _o -. oo162

159o .Z._ -.oo185 +.08 -.oo18 - .Zo -,OOZO

1965075951-019
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Second l_de

(cont inued)

'Liftoff Max Q Cutoff

Station Mode Mode M_de Mode Mode

Deflection Slope Deflection Slope Deflection Slope

in in"I in-I in-I

1600 .2_ -.00201 +.20 -.oo33 +o03 -_0033

1650 •3_ -.OOKl_ +.31 -.00235 .16 -_0036

1700 ._6 -.00218 +.42 -,oo235 . 38 -o00385

175o •57 -.oozzo +.54 -.0034 o_3 _ oo398

18OO .68 -.00221 +.66 -.OO2& .56 -o00300

1850 .80 -.O02KI +.77 -.0034 o70 -o00297

19oo .9o -o00_zo +.9 -.00335 .85 -ooo388

19_o 1.00 -.ooz18 1.O -.0033 l.oo -.00376

Time Frequency Modal Mass

Liftoff _.5513 cps 37.82 ib sec2/in

Max Q _.9971 cps 48.096 lb sec2/ln

Cu¢off 7.2035 cps 57.173 lb ,ecZ/in

_z -- o.oo5

1965075951-020
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Third Mode

Liftoff Mex Q Cutoff

Starion Mo_e Mode Mode Mx_le Mode Mode

Deflection Slope Deflection Slope Deflection Slope

in in"I in"I zn"-1

o I.o5 .oo64 ±.o2o ooo608 °7 o0o541

50 z,o .oo66 z.00o .oo629 __I °oo575

zoo ,65 ,00658 ,750 ,oo63z o_ o00568

zSo .38_ .006_ o47o ooo6z7 -.c65 _oo518

200 .za5 ,00609 o .oo575 -._z5 oOOhOO

250 - .1g. .00516 -. 225 ,00390 -. 570 o00?56

300 -,35 .00372 -.335 .00260 -.645 .oo13 h

35o -.5o .003a8 -. 4oo ,00z56 -.67o .ooo3o
-. 58 .00292 ,.. 430 .00016 -. 665 -. O005Kk

1550 -. 59 . OOZl_ -. 430 -, 00160 -. 6_5 -: 001_0

500 "- 555 -.,,00156 -, 345 -,00250 -o 560 -o00198

55o -,h_5 -,ooz38 -,zzo -.ooz95 - °_,55 -.oo246

600 -.29 -.oo3ob, -.o7o -.oo3z8 -. 3_-5 -_oorFi

650 -.053 -,00332 +,!0 -,003.11 -.190 -,0027L_

700 ,z.].o -.0033z .z85 -.oo300 -.o6 -.00z66

7'_0 .glo - .oo256 .435 -o 0o26_: ,06 -. O02_Z

8oo .25o -. oo088 .5o -.00168 .17 -.oo2o9

85o .z6o -.ooo_z .5ao .ooozo .27 -.ooz59

9oo .2h5 +.00o_z .50o .ooo86 .3_ -.ooo9o

950 .210 .00120 .44o .00176 .35 -. oo0oi

1000 .135 .00264 •335 .00314 •32 o00088

1050 0 .00288 .150 .00360 .26 .00180

ii00 -. 2o5 .0027o -.o65 .oo35o .z7 .co_8o

1150 -. 290 .00100 -. 205 .0019 _, • 055 .003_',2.

L_oo --335 .ooo6_ -,3o5 ,ooz3_ -,o75 ,oo3h8

lZ5O -,355 ,ooog2 -,37o ,o01o2 -,Zl _oo3o6

z3oo -.355 .ooozo -._38 .00o7o -.35 .oozzz

1350 -,3_5 -,ooo3o -,_a ,o0o_ -,_85 ,ooz_o

- z*mo -.3_o -.om66 -.*mS -.00o3z8 - .55o .ooo_

i_5o -.285 -.Cx_137 -.36o -.o01al -.560 ,ooo06

15oo -,230 -.00182 -,g90 -,00197 -,5_0 -,00060

z550 • -. z6o -. oo_9 -. z85 -. oo2_2 -. _9o -. oozz8

1965075951-021
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Third Mode

(co_t_uea)

Li_toff _ Cutoff

Station Mode _ _b_e Mode _de Mode

Dmfleetion Slope Deflection Slope Deflect_on Slope

in In"I in"I In"I

16oo -.o6 -.ooze9 -.o75 -.oozT_ -.380 -o00203

165o .09 -.OOZTZ .o55 -.oo3o_ -.z2o -oooz88

1700 .2,8 -.00887 °19 -o00314 -o045 -oO01R)O

i_o .t_55 -°oo296 °34 -.oo323 +°135 -oOO_,';'

18OO .615 -.00298 051 -.oo388 o335 _ooo_,6_

185o .770 -.oo296 .685 -.oo326 °5_, -.oo461

19(x) .905 -.ooz85 .88 -.00318 .79 -,oo_o

]-9_ i.oo -.ooz69 !.oo -.oo3oi l.o -°oo390

Time Frequency Modal Mass

LiFcoff 7.0375 cps Z7A_.43ib sec2/in

Max Q 8.1376cps 226.03 ib see2/in

Cutoff 13o7366 cps 59.935 ib sec2/in

3 " 0.oo5

1965075951-022
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4. ADAPTIVE ANGLE-OF-ATTACK STUDY

This 8ecticn conzains the equations and computed coefficients for use

in the stud_ of the adaptive an_.e_of-attack control syste_ _l_e coordinate system

and missile geometry conventions used are shown in Figures Z and 3,

-The information for tbls sZ_ is divided into two seczions, that for

the dlgit_l analysis and that for the analog computer simulation. Section _-I

contains a discussion of the ess%_Eptiomsms4°-and the effects included in the

digital analysis.

Section _.2 contains a discussion of the assumptions made and the effects

included in the analog cozputer simulation of the missile dynsmlcs. Thi_ is

follow@d by a list of the equations and diagrams of the computer mechanizations

for use in the slmulatlbn. The remainder of this section contains the computed

coefficients for use in the computer simulation.

4.1 Digital Analysis

The equations and computed coefficients for use in the digital analysis

of the a_le-of-attack control system are pre_,_e_ in this section. The

purpose of this analysis is to choose the control system gains that

uze_ in the analog computer simulation and to obtain frequency response and

transient response data to be used to check the analog computer simulation.

The coefficients for this analysis were computed at three times of

corresponding to the time when the angle-of-attack feedback loop would

be closed_ the time when maximum d_mlc pzessure occurs, and the time when

maximum system gain occurs.. I,_using the equations in this section; an

attempt was made to include all linear terms consl_tent with the following

assumptions:

!. All physical par_ters of the missile such as m_ss, inertia, and

thrust are considered constant.

2. Aerodynamic forces are assumed to vary linearly with the total

an@le of attack developed by the centerline of the missile.

3. The dynamic equations are for motions in the missile yaw plane.

The trim conditions on iX, @, and 5 will be zero in this plane. The
equations are al,Jo applicable to the pitch plane if the triuned • zlues

of these varlab_.es may be neglected,

1965075951-024
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Figure 2

Coordlnate System for Angle-of-Attack Study
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l_n_effects of fluid sloshing in the tanks are neglected.

5. The effects of flexible body bending are neglected.

6. All sensor instrument dynamics are neglected.

_.i,I _luatJons for Adaptive Auk.e-of-Attack System DiGital Ausl_sis

1. Mmment Equation

¢ _ f I +m frill.2 _'(Scp" i) / n n zs @ _+ -- s

ii _ Ii

+- Ii

Z. Normal Force Equation

I olI °o},('_z" I) sz " sV+ g cos 9+ sv+

+ n n 2
M1 s + 5 = 0 --

3. _glne Oynamlcs EqL,_tlon

I + mnl21 m IN'
n s2@ _n (X

In InM1

I[: %in)Z .!}sZ Z Nin(_'_R')

+ in5 + Z < % s+ % + I_

4. Angle-Of-Attack Meter Equation

V s@'u+ui=O

5. Control Law Equation

( "i "-al s -'. @ - b_ + 5c = 0oi

6. Control Integrator Equation

l }"-s - KI 5c + s 5c = 0
4-
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7. Actual,or Equation Page 23

Z 5c + _sZ _ Z}

_,l,Z Table =if.C_@tl'icil_l_S

ZO see 67 see 138. 9 see

_"(_'_)/_1 _./-o_ ._.5.o3 _._svv.3 .o4_3_,39v

+mnln(T-I]_i/Mlt/I1 1/see2 1.505_26 1.614720 3. 760221

,)

(I_+%lnh.)/ q ...... .oo:u.kss9 .oo:u2_39 .oo2_42_5

_'_-_. ,, ._-o3"_ .121-n64 .',5o2_,96
v m/see 77 h38 2_1o

g co, r° '4 8e':2 9.788785 8. h2666t) 5_o42882

.... ..;,-,'-_- 5l._ ..

•< %ln,'K/. " •001_98._37 .006903798 .016751)_-6

R'IMI m/aee_ 7.3596861 ii.Z00735 27.967829

(_ /In ..... 8,633648 8.Z56156 12.iI_93_

_, maiN'/Zn_ 1/see 2 •3773i;56 5.75i31_39 .3OO6O0

i'(mnin)a/IaM1 ..... .996795 .99556_ .989835

2 _n ..... 8,7968 O,7968 8.7968

%2+_1n/i,,[(_-D-_")/_ _/,eo_ 395_26_ 39_3_3_3 3_6__5v32
°'n i/sec8 39_7.61 3947,61 39h7,61

c_-_)/_ s. ._o_o_ .ov_2_ .o_o_9oo_
8 _ a_a 1/sec 66.6_4 66.65_ 66.65h

&ca 1/see 2 llgO. 85 1190.85 1190.25

_.Z Analog C_puter Simulation

The equations, computer diagrams, and confuted coefficients for use

in the analog co_uter simulation of the missile dynamics for the study of the

md_ptiwe a_le-of-attack control system are presented in this section. In using

the e_uations in this lection_ an attempt is made _o include all linear terms

c_iste_t with the following asst_ption_:
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i. In writing the equationsj all physical parameters of the

missile such as m_s_ Inertia_ and thrust art considered ccnstant.

Howeverj in perfo._ing the simulation, the slg_iflcant time

variable cc_fflclents of _he eq_atlons are varied. Some of the

time variab2e coefficients of the equations which produce

high frequenc_ effects such as the engine reaction zero, or

which do not vary significantly are held fixed at values

corresponding to the time when maximum dynamic pressure

oc_ours.

2. Aerodynm._icforces are assumed to vary linearly with the total

angle of attack d,_,velopedby the centerllme of the missile.

3. The dynamic equaticns are for motions in the missile yaw plane.

The trim conditions on _, @, and 5 will be zero in this plane.

The equations are alE'oapplicable to the pitch plane if the

trimmed values of the_:evariables may b(.neglected.

4. Fluid sloshing in the _nks is represented by two mass-s_ring

analogs. One mass-spring analog is used to represent the fluid

sloshing in the booster s_ge tanks and the other mass-spring

analog is used to represent the fluid sloshing in the second

stage tanks. The fluid slo._hdata given in Section 3-3 was

reduced in the foL!owimg rescuer: The __uid sloshing in the

second stage LB2 tank was ueglected and only the fluid sloshing

in the second stage LOX tank wms included in the second stage

slosh mode. Tke mass of the booster stage slosh mode is the sum

of the sloshing masse_ in _he bcoster stage tanks, the attach point

is the center of _ass of the sloshing masses in the booster stage

tanks, and the frequency of booslxr stage slosh mode is the fre-

-' quency of the large booster stage _mk sloshing fluid° Nonlinea'_

stability at the critical times of flight. _ slosh data is

used in this form since the slosh stabllity problem is not beiDg

considered in this study, and since %_ slosh modes are being

included in the study to d_termine their effects on the a_ti_

angle-of-attack control system. This aethod of representing the

slosh modes was adopted at the suggestim of Mr. Helmut Bauer of

_S_C. It should be noted that the values of the sloshing masses
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_Ld the ratio of the two slosh mode frequencies are held fixed

at the llftoff values°

5. The effects of flexible body bending are neglected.

6. All sensor instrument d_namics are neglected except for the

mee_.le_er _c_

The com_uted coefficients for an all-engines-burning trajectory

are presented in this section, This ircludes a table of the coef?icients

which remain constant with time3 a table of the coefficients which are

varied with time, and a table of the time vari_le coefficients which are

held fixed at the values corresponding to -whenmaximum dynamic pressure occurs°

__. LJ _ -J I I,,
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4.2.1 Equations

i. M_ment

. r ]

2. Acceleration Nermal to Missile Centerline

ee o,

_3 --R'O+mln n 5 + N'_

+ _% + 4F_

3. Acceleration Iormel to R_ference
oe oe _e

4. Angular Relation

_-_=_
5. Normal Force Equation

" )o

+ _ co.'o(_ " _)_ _'- D

* P:_Hmt o.ly In em_me-o_ cne

*_ All _,moceleration_ _ mo_imcluae gW_vlSy

lira _ _ m, i , • m ....... I I . ,,, ,

1965075951-031



86ZO-6002-RU-OOO

Pa_e _7

6. Slosh Equations

7. En¢_e _mmLtes
.. l+mll .. ml ..

n n. n3 @ �nnZ_
n n

+Z a_nOa+_ n 5a
r. 1

. 2_n_n _ _ (con2+, nnin T- D-_ ) 5

8. Actuator Equation

9- _N_le-of-Atl, aek Meter Equation

_i = V

I0. Accelercmeter Dynm_cs

.. . _ ¢¢_"_o_ .o_ -
" 2_A°_AAi" wl Ai

11. Measured. acceleration Normal to Reference

•- ___,_"_t+ Q
i. i
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4.2.2 Anslo$ Computer Mechanization

This sectizn coDtains diagrams of the analog computer setup u_ed in

the study of the programmed and the adaptive angle-of-attack control systems.

A discussion of the check procedure used to verify the analog computer mecha-

nization is also included.

Figures 4 and 5 are the mechanization diagrams of the missile dynamics

as described by the equations listed in Section 4,2ol. Figures 6 and 7 are

the mechanization diagrams for the wind disturbances and the engine out dis-

turbance. In this study3 the engine out disturbance consisted of the inclusion

of a disturbance Moment and a disturbance normal force and the reduction of the

control moment per unit of qontrol deflectien, The engine failure was simulated

by using an exponential thrust deca_ with a one-third second time constant.

A detailed check procedure was used to verify the analog computer

mechanization of the missile dynamics and the basic angle-of-attack control

system. Frequency response checks of the analog computer mechanization were

made at two times of flight with all time-varying coefficients fixed. These

results were compared with the f_.@ucncy response data obtain i from the

digital computer analysis of the simplified system equations given in Section

4.1.1, and the results agreed, Transient responses to step changes in angle

of attack due to wind and to step attitude position commands were also measured

at two times of flight aud compared with the rcsults of digital computer

solutions of the simplified equations. These results also agreed. Finally,

static checks of the analog computer mechanization were made_ aridall time-

variable coefficients were checked by reading them cut on an x-y plotter.
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Definition of Variable Parameters on Computer Mechanization Diagrams

= dn(_ + enldn)

'[ ]I "F 13+ co.(0- _ie)

_ _'¢_c_'_3)

3 ,/i_

7 R'

8 N'

9 _15
1o (T-D)I_

11 (_-D)IM3
i_ i/V

13 s co,rolV
.Z

15 _L "_S

19 k
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_.2.3 Table of Constant Coefficiemts
=,

mL z6_?.P.I_3 kg-secZ/m

mF 1156.150_ kg-sec2/m

i 204.67 kg-sec2/m

-i
_nln/In ._z_3 ,,,

%/% ._883o45

(_L/_)z .3_zozz
2 -2

mA 3197-90 sec

Z 79.._ rO see

2 -2
i190..25 seemL

z_a_a 66.65_ sec-z
2

(n 3947.61 see"z
n
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f_

. O. 0 0 _1 _'1 0 0 0 0 0 0 0 0

c_ _ _ ,q c_ ,_ _ ,_ _ _ _ _ _o _ o .-_

CO CO t_- _ ,-I r-I _ cc o3 C._ C4_ - _1 0 0 " 0 0 0 _ 0 0 0 0 0 0 0 0 0• • • • • • • • • e • , •

oc _ H g _g _, o _, _ _ _0 _ o o o o
_ _1 o o "o 8_ o _g o 8 o._ ,_ o o o o o

0 0 0 0 0 _1 0 0 0 0 0 0 0 0

I I I I I I I I I I I

O_ O_
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5. ADAPTIVE DIGITAL-COMPENSATION STUDY

This section contains the equations and parameters for use in the study

of flexlble-body stability using an adaptive digital-compensation control system.

The coordinate system and missile geometry conventions used are shown in Figures

8 and 9.

In using the equations listed in this section in 5ol, _n attempt is

made to include all linear terms consistent with t_e following assumptions:

1. All physical parameters of the mib_ile such as mass, inertia, and

thrust are considered constant.

2. Aerodynamic forces are assumed to be independent of the local

bending slope and are assumed to vary linearly with the total angle

of attack developed by the average centerline of the missile.

3. The dynamic equations are for motions in the missile yaw plane.

The tr._mconditions one, 9, and 5 will be zero in this plane. The

equations are also applicable to the pitch plane if the trimmed

values of these variables may be neglected.

4. Normal modes are determ_ne_ for free-free end conditions and include

effects of bending and shear. Effect of axial force on bending is

neglected. The bending mode data given in Section 3.4# which were

generated with the control engines removed, have been renormalized

to give bending modes for the complete missile with locked actuators

and with modal masses equal to the total mass of the missile. The

data was renormalized to this form to allow simplification of the

equations and, thus, reduced complexity in the analog computer

mechanization.

5. The control thrust, defined as the thrust available for control

in a given plane, is equal to 1/2 the total thrust and comes from

one engine on the missile body centerlineo

6. The effects of fluid sloshing in the tanks are neglected.

The basic missile and trajectory parameters used in the linear stability

studies of the Saturn C-_ configuration are given in Sections 5.2, 5.3, and 5°4.

C These parameters were used as inputs to the digit_,-Icomputer runs used in the
linear stability studies. Section 5°2 lists the parameters that remain constant "

during the booster flight. Section 5.3 lists the variable parameters at the
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three times of flight which were investigated. Section 5.4 describes the re,,

normalization computation made on the bending data given in Section 3.4. 2He

renormalized bending data is presented in graphical form.

The analog computer mechanizatiom of _e mlss_]e dynamics used in this

study is described in Section 5.5. The computed coefficients of the equations

mechanized are listed in Section 5.6.
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5.1 Equations

i. Acceleration Equations

: T-D
ax = _ g cosTo

2. Normal Force Equation

ay+ (vS+ax)_ +vs°" (vs+ay)w+ (vs _%)a_ =°
3. Moment Equation

1

---m-a+s% + v----_i _T+ r +il

T11 R ' i 1

4. Cemterllne Deflection Equation

5.- Centeriine Rotation Equation

IlW + (In + lllnmn)6 = 0

i('- 6. Gimbal Displacemeat Equation

_e- _+_i"" g ¢i (_T) % =oi

7, Gimbal Slope Equation '

%,i

8. Bending Mode Am#litude Equation

C Present only in engine out case. ""
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9. Engine Dynamics Equation

mnln i In+liln, 2 mnln ]a - s + "--i--- g cos )'o e
In Y [ in n j

N_ 2 [2 m_
+ T-_____Dv I s PT + s + Miin (T-D)In n _

T

i0. Attitude Rate Sensor Equation

+2gR wRs+ 2 eR:s e-_- ei(_R) s+z
UlR

ii. Attitude Position Sensor Equation

12. Hydraulic System 'Equation

2

c

13. Lateral Acceleration Sensor Diuation

+,,y-(q 2+%)o+2,.+qs a,,%

+Y ¢i(;) 2• bA qi =01
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" 5.2 Table of Constant Parameters

1/2 m i00.24 sl_agsn

1 2.25 ftn

1/2 In 1152 slug- ft2

_n 62.8 rad/see

q n 0.07

2 _n (an (1/2 In) 10128 ft-lb-see

2 Cn mn 8.792 1/see

2 1190.5 I/see 2a

2 _ _ 66.67 1/seea a

OR 188.4 rad/see

_ 0.7
1

•p _ sec

_-- A ._0.2_ :t't2

g 32-12 ft/see 2
L

T lO0 in

_R 750 in

_p 1630 in

_A 1800 in

£
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T
5-3 Table of Variable Parameters

Burnout

Liftoff (t=O) Max Q (t=67) (t=138.9)

M slugs 30829 19921 8209

I slug-ft2 18.lXlO6 16.9XlO6 ii._.X_.O6

.,-.C,_9,_• J.)_ I
ro red

V ft/sec 0 1437 7907

T Ib 1315476 1464118 1506440

q ib/ft2 0 721.8 i2.5

cN_ r,_ -1 2.00 2.25 2.80

D lb 0 17271O 461

_I in 585.73 547.18 783.62

• _cp in 1436.4 1397.85 1274.49

_l rad/sec lO.20174 13.12642 16.14596

_2 rad/sec 28.46236 31.22392 45.52398

m3 rad/sec 43.32002 49.88555 85.67030

0.005 0.005 0.0051

O.O05 O.O05 O.O05
_2

_3 0.005 o.oo5 0.005
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T
_& 5.4 Renormallzed Bending Data

The renormalized bending data, used in the linear stability s_.udies

described in Volume 1 and in the simulation of the missile dymamlcs for

the study of the adaptive system, are presented in this section. ThiE

data is different from the bending mode data provided by MSFC for this

study, which was generated with the control engines removed and is pre-

sented in Section 3.4. The original data was renormalized co give bend-

ing modes for the complete missile with locked actuators and with modal

masses equal to the total mass of the missile. The method of renormaliza-

tlon used is described in detail in this section. The procedure was used

to allow simplification of the missile dynamic equations by decoupling the

bending modes and_ thus, to reduce thc complexity in the analog computer

mechanization of these equations.

Plots of the modal deflections and slopes for the first three

renormallzed bending modes are presented in Figures lO to 15.

_" With no external forces, such as aerodynamic forces, gravity, or

thrust, acting on the missile, with actuators locked, using bending data

generated with control engines removed, and neglecting structural damping,

the missile dynamic equations reduce to:

3 .. 2

A.'v+ Biw + Z Cij Qj + MB _ Qi = 0 (i=1,2,3) (5.4.1)
1 J=l l

q

M v + _--1 Aj Qj = 0 (5.4.2)

3

I w + _ BjQj = o (5._.3)
J=l

where
!

Ai = mn _i ( _T ) "'lnmn _i ( _T )

Bi _ -I1 Ai - mnli

C
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{Cij = _i (_T) A. -m3 n lj /i ( _T ) B i=j
0 i_j

1 : 1 C ( " ---_i n i TJ - m i (OT)
n

_B = l_ - mn

Substituting Equations 5.4.2 and 5.2_.3into Equation 5.4.1 and writing this result

in matrix form gives

s + K Q = 0 (5.4.4)

With the equations written in this form_ the coupling between the modes

due to the engine results in off-dlagonal terms in the matrix ]M i This matrix

can be diagonalized, which decouples the bending modes, by expanding the coupled

amplitude functions, Qi' as a series of orthogonal functions, qi' such thai

Qj : Y e (._.4.5)i "ji%

or, in matrix notation

[E ]matrix is the modal matrix determined by solution of the
The

characteristic value problem

where

the uncoupled frequencies (eigenvalues of the characteristic value problem).

Solution of the characteristic value problem, Equation 5.4.7, makes it

possible to write the bending equations, Equation 5.4.4, i_ the form
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where [I] is the identity matrix.

The modal matrix, [El , has been normalized with respect to the total mass

such that

where [E]T represents the transposed modal matrix.

The displacement of the missile centerline may be expressed as follows:

j rj qj j j Qj + xw
(5.4.1o)

where _j is the mode deflection corresponding to the orthorgonal modal amplitude

function, qj, and x = _-_ ( - ).

Substituting Equations 5.4.2 and 5.4.3 into 5.4.10_ this becomes

51cj % _ (% Aj= - - x _L) Qj (5.4.11)j M

or in _trix notation

[_ A B 1 [Q] (5.4.12)

Substituting Equ_t2on 5.4.6 into 5.ko12,

J_ A B

Thus,

[_]_ _ x_ [_1 (_._._
T

or

j M

The rotation of the missile centerline and center of mass mas,be ex-

pressed as follows:
! !

-- E _j qj= E _ Q + w (5.4.16)
J J ,I

£
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8620-6002-EU-00C

Page 50

!

where _j is the mode slope corresponding to the orthogon8.1 modal anplitude

function, qj.

Following the same procedure as above, the following is obtained:
! !

J

5.4.15 and 5.4.17 and the modal matrix [E] are usedThus: Equations

to obtain the renormalized mode deflections an_ slopes. The diagonal matrix

to] has as diagonal elements, the squ_res of the renormalized mode frequencies.

The original bending data, which was normalized to have unity deflection at

the nose, was first renormalized, so that the modal mass of each mode equaled the
/-....__

total mass of the missile, by multiplying the mole data by VM/m. Thus,
]

= (5.4.18)

and
!

g _ (5.4.19_@i = mi
_!

_i and _i are the mode deflections and slopes of the original bending
where

data.

A generalized eigenvalue digital computer program was then used to solve

for the eigenvalues and eigenvectors of Equation 5.4.4. The eigenvalues obtained

were then the renormalized mode frequencies, mi" The eigenvectors obtained were

normalized by assuming

Thus, by Equation 5.4.9

or
2

7.. eji -- 1 (i--1,2,3) (5.4._.2)J
)
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.F
The modal matrix

renormalized mode deflections and slopes. The results are plotted in Figures

iO to 15. The renormalized mode frequencies are given in Section 5.3.

<
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5-5 Analog Computer Mechanization

The diagrams of the analog computer mechanization of the Saturn C-I

missile dynamics used in the study of the adaptive digital bending compen-

sation control system are contained in this section. A discussion of the

check procedure used to verify the analog comTuter mechanization is also

included.

Fi%_rcs 16 and 17 are the mechanization diegrams of _-ne mlssile dynamics.

The equations of the missile dynamic& used for the computer mechan._zation can

be found in Section 3.1. These equations were mechanized as listed, with the

exception that +.he attitude rate sensor dynamics and the attitude position

sensor d)mamics were neglected.

Since this was a _udy of the flexible body d)mamics_ the simulation

was scaled for a small signal study and_ therefore, a linear actuator model

was used. This is a conservative approach since, if actuator rate limiting

is included, smaller sending mode amplitudes will result than if this limit-

ing is included for a large disturbance Input_ such as a wind shear disturb-

8J_ce.

In this portion of the study, only the missile configuration correspond-

ing to the flight condition at the time of maximum dynamic pressure was simu-

lated. The coefficients of the equations mechanized are given in Section 5.6

fo_" this flight condi5ion.

The control law used, disregarding the bending compensation provided by

the adaptive system, was

= a + _ •
C 0 a0

A detailed check procedure was used to verify the analog computer

mechanization of the missile dynamics. A static check of the mechanization

was made by applying initial conditions to all of the integrators and reading

the values of all the computer variables (outputs of all of the amplifiers)°

These were compared with precomputed values and satisfactory agreement was

obtained.

Dynamic checks of the computer mechanization were made by recording

the response of the control system to a step attitude command input. For

this check_ the digital computer was not used; therefore, the continuous

system response was recorded. This time response was compared with one

........... i_ii __ _ It,
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obtained from a digital computer computation of the closed loop response

of the system described by the equation_ listed in Section 5.1, and the

results asreed.
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5.6. Table of Confuted Coefficients IAt time of maximum dynamic pressure)

N'/M1 29.3683932 _/sec2

g cos ?_ 27.64702_3 ft/sec_

DIE/MllI •0098052749 ft/sec_

T/M1 73.49621 ft/sec2

R'/_ 36.748105 ft/see2

1/V .00069589'*2 sec/ft
-1

ax/V ,02587_9534 see
-i

axlE/VlI .000029_61692 sec
-i

IE/II .00113097609 see

N'ip/l] 2.4540561 _ sec-2

DmlnlZIM1 ooo2314o52_:_ . see
T/II: .0866342 _ ft-lsec"2

Tll/Ii 3.2284235 se$-2 :
-2

R'll/I1 1.6142118 sec

_lnl_ .oz_64344z _
IIIE/I1 .0_]i458_ _ ft

_1(_1 .97378299
¢2(_) -1.157848
¢3(_T ) 1.864179

" " .067165679 , ft-i_1(2T) - "
O_( _T ) .11517660 _-l

-.1954oko4 _-l

2 "_la_ .13126419_ _ sec-I

2 (_2_ _ •31223919 sec"l

22_3m3 •49885549 sec"I

177_.3029 sec.2 ._.

97_.93316 see

o)3 2488.568 sec"2

_. ml

_-._.__D¢5__)_- -.o98592n6 _tseo 2
ml

_,-___D_(_T) -_ ,_69o_7o695 _Is_o2
ml

_-....2__¢_(_:) _._.m -._8_324729 _t,_o2

a

4_

2
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5.6 Table of Com_utedCoefficients(At time of maximum d_namic_ressure)- Cont,

T_I(_m)i_ 71.%9359 = ft/sec2

%( _,.r)/_ -85.0971138 _/sec2
%( _T)/_ .37.010_ rt/sec2
_/_ -.o29817968 ft
mnd2/_ ,0395386_ ft

mnd3/_l - .'0648112_1 ft

R'¢I( _T )/_ 35.78',679 ft/sec 2
R #2((T)/_I -4Z.548719 f_Isecz

R'_3(_ T)/MI 68.50504_ ft/sec2

": 22_nmn 8.7916666 sec"I-2
a_n 3943.8399 sec

mnln/In •19578125 :, ft "1 :

mnlng¢OS_o/In 5.4iZ76996 _ " ,ec"z

(T-D)mnln/MiIn 12. 691806 sec"_"
¢5_R) _ -.oo75335_ _-1_
¢_(_R) -.0577o*-9_ _"1_ _
_(_R) .o83_o15_ -_'"
¢5_"t,). .lO2O_.8% _t-1
_(_p) .19_u3_6 _-1
_'(; ) .i0_23876 " ft "1

_2_a_a 66.670 sec
: _a 1190.5 '_ sec"2

h/% o._
% 3.55 -
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